Stabilization of transposable element (TE) copy number involves the biosynthesis of short silencing RNAs (siRNAs) and further initialization of siRNA-mediated TE silencing. To gain insight into the relationship between the biosynthesis of siRNAs and their source TEs, we examined the co-evolutionary dynamics and expression of these two entities by characterizing the siRNA distribution across the genome of Gossypium raimondii Ulbr. We identified an unusual region at the 3' end of chromosome 1 with significantly enriched siRNA coverage. Analysis of the correlation pattern between uniquely mapped siRNAs and those mapping to multiple regions implicated active biogenesis of siRNAs from these potential young TEs. Furthermore, divergence estimates of TEs within this region confirmed that the majority of TEs are young. Active transcription of the source TEs and their positive correlation with expressed siRNAs indicates that sufficient expression of TEs may be necessary to generate siRNAs and maintain the silenced state of recently transposed TEs.
T ransposable elements are ubiquitous components in plant genomes and are the major determinant of genome size differences among angiosperms. Based on structure, encoded proteins and mechanism of transposition, TEs are subcategorized into Class I retroelements (retro-TEs, including long terminal repeat (LTR) and non-LTR TEs) and Class II DNA transposons (DNA TEs, including CACTA, hAT, mutation family etc.), which are amplified via "copy-and-paste" and "cut-and-paste" mechanisms, respectively. Although active transposition of TEs has frequently been reported under special conditions (Eun et al., 2012; Hancock et al., 2011; Liu et al., 2004) , TEs often are silenced to prevent their unbridled and presumably deleterious transposition. One of the major TE silencing mechanisms in plants is the biogenesis of 24-nucleotide (nt) siRNAs, generated from RNA polymerase (Pol) IV-synthesized TE transcripts (single-strand RNAs), which are then processed by RNAdependent RNA Pol II (RDR2) for double-stranded RNA synthesis and Dicer-like (DCL) 3 enzymes (cleavage of double-stranded RNA into 24-nt siRNA). These siRNAs further target TEs (via argonaute 4 protein binding) establishing DNA and histone hypermethylation at the TE site of origin and block the transcription of targeted TEs (Chapman and Carrington, 2007; Chen, 2010; Slotkin and Martienssen, 2007) . Another noncanonical siRNA biogenesis pathway is dependent on upstream siRNA biogenesis via DCL2 or DCL4 cleavage of Pol II RDR6-synthesized double-stranded TE transcripts (RNA Pol II-transcribed single-strand RNAs are synthesized into double-stranded RNAs via RDR6 and doublestranded RNAs are further cleaved by DCL2 and DCL4 into siRNAs). The siRNA products recognize and initiate the cleavage of target TE transcripts (Chapman and Carrington, 2007; Matzke and Mosher, 2014) .
From an evolutionary viewpoint, the turnover of TEs in plant genomes is thought to be interleaved with siRNA-mediated silencing. As is well known, both horizontal transfer to a new host and recent proliferation can generate a relatively young population of TEs (Schaack et al., 2010) . Young TEs are maintained in the genome by achieving a balance between transcription and activation versus siRNA-mediated silencing (Diez et al., 2014; Hollister and Gaut, 2009; Schaack et al., 2010) . However, aging TEs accumulate mutations, diversify, and still maintain the associated activities of transcription and siRNAs biogenesis (Diez et al., 2014; Hollister and Gaut, 2009; Schaack et al., 2010) .
Previous studies in plants have focused on the correlation between siRNAs and TE distribution across the genome but little attention has been paid either to the underlying reason behind the correlationor whether the ages of the TEs are correlated with their transcriptional expression levels and the propensity to generate siRNAs (Diez et al., 2014; Hollister et al., 2011) . G. raimondii, a representative D-genome cotton species, has a highquality reference genome sequence (Paterson et al., 2012) . Protein-coding genes and TEs have been well annotated on the basis of the reference genome assembly (Paterson et al., 2012) . In addition, multiple transcriptome and small RNA sequencing datasets prepared from RNAs extracted from the same tissues are available (Gong et al., 2013; Yoo et al., 2013) . These resources make G. raimondii a good model species for answering questions concerning TE proliferation and siRNA abundance.
Here, we explore the relationships among the age of TEs, their rate of expression, and the synthesis of their corresponding siRNAs. After mapping 24-nt siRNAs and TE transcripts to the reference genome of G. raimondii, we detected an abnormal region at the 3' subtelomeric end of chromosome 1, where young TEs are actively transcribed and targeted by an enrichment of siRNAs. These results demonstrate that this region of chromosome 1 is likely to have experienced a recent burst of TEs, which remain under active repression by siRNA-mediated silencing.
Materials and Methods

Mapping of Sequencing Reads
Small RNAs and transcriptomic sequences from seedling leaves (3 cm in length, seventh post-cotyledonary) were sequenced using Illumina sequencing technology (Gong et al., 2013; Yoo et al., 2013) . In each sequencing experiment, there were three replicates for each sample. Since there were high correlations between each replicate in each sequencing experiment (Spearman's rank correlation coefficient: 0.90 for small RNA libraries and 0.91 for RNa-Seq libraries), we combined the sequenced data of three replicates into one dataset in each experiment before further data processing. After discarding identified miRNA and other noisy short RNA reads (Gong et al., 2013) , the remaining trimmed high-quality 24-nt siRNAs were mapped to the reference genome of G. raimondii (Paterson et al., 2012) using Bowtie 0.12.7 (Langmead et al., 2009 ) with restricted perfect matching, unique mapping (UM), or mapping of reads to multiple genomic regions (abbreviated as multiple mapping or MM). Here, 21-nt and 22-nt siRNAs were not included in our analyses, because, as described in Gong et al., (2013) , this category of small RNAs includes many ambiguous reads that may have been generated from miRNA genes.
For multiple mapping of siRNAs in Bowtie, in addition to the basic specifications for genome index, input siRNA, and output alignment files, the parameters were as follows: bowtie-f-a-best-strata-v 0-quiet-S; for unique mapping of siRNAs, only additional-m 1 was added to eliminate alignments of reads with more than one mapping position. High-quality transcriptomic reads were mapped to the genome assembly with no mismatch and with multi-hit reads assigned to each mapped position (Diez et al., 2014; Wu and Nacu, 2010) . For RNA-Seq read mapping in the Genomic Short-read Nucleotide Alignment program, we used the following parameters: gsnap-m 0-query-unk-mismatch 1-genome-unk-mismatch 1-n 10000-t 6-use-sarray = 0-A sam. Alignments in Sequence Alignment/Map format were input into the SeqMonk program (http://www.bioinformatics.babraham.ac.uk/projects/seqmonk/, accessed 25 Feb. 2015), in which the quantification and illustrative distribution of read coverage were generated.
For quantification of siRNA mapping, log 2 -transformed coverage of mapped siRNAs (normalized as total reads per kbp per million of TE regions, with bases in the non-TE region being excluded) in each sliding window (750 kbp in size; step size, 0 bp) running through each chromosome was summarized. Linear correlations between log 2 -transformed coverages of UM and MM siRNA reads in each sliding window were constructed for each chromosome. In addition, across the whole genome, the log 2 -transformed coverage ratio of UM and MM siRNAs within each sliding window was calculated and corrected by its TE proportion (proportion of nucleotides of TE occupied in each sliding window).
Quantifications of RNA-Seq reads mapped to TE and non-TE regions (gene regions) in the genome were completed and summarized separately. For quantification of TE transcription, a similar log 2 -transformed coverage of mapped TE transcript reads (normalized by reads per kbp per million) on each TE across the genome was also summarized. For each type of well-categorized TEs residing in and out of the subtelomeric region in the 3' end of chromosome 1, the log 2 -transformed expressions were specifically compared (See Statistical Analysis below). For quantification of gene expression, similar normalization and transformation methods were applied to the coverage of mapped gene transcript reads.
Estimating the Timing of Retro-TE Insertions
Transposable element annotations of G. raimondii genome (Paterson et al., 2012) were used here and were classified following the classical three-letter system (Wicker et al., 2009) . Only the ages of the retroelement insertions were estimated, since there were no annotated DNA transposons (DXX) in the region of interest. For unclassified retroelements (RXX), RLX (unclassified LTR retroelements) and their subtypes, LTR regions were estimated using LTR Struct (McCarthy and McDonald, 2003) . Given the assumption that the sequence similarity between LTRs of a retroelement is negatively correlated with the time since insertion (i.e., older insertions have greater divergence in LTR sequences), the estimated similarity of LTRs for each retro-TE was used to indicate the timing of the corresponding TE insertion. Sequence similarity distributions were constructed for TEs residing in the 3' end of chromosome 1 and separately for those in other genomic regions. In addition, the sequence similarity distribution among LTRs was compared between chromosomes.
Alignment of siRNA-enriched TEs
Sequence alignment of well-categorized TEs in the siRNA-enriched region of chromosome 1 was made using MAFFT (Katoh and Standley, 2013) with default parameters. Subsequently, a minimum linkage phylogenetic tree was constructed in MAFFT and formatted using the Figtree visualization tool (http://tree.bio.ed.ac. uk/software/figtree/, accessed 26 Feb. 2015).
Statistical Analysis
An ANOVA test was used to compare the siRNA coverages across all 13 chromosomes. The pairwise correlation between the UM and MM siRNAs in each sliding window was estimated using linear regression models. The histogram of the log 2 -transformed coverage ratio of UM to MM siRNA in each sliding window (with the TE density corrected for each window) was also constructed. The difference between the transcription of well-categorized TEs in the siRNA-enriched region of chromosome 1 and in those other genomic regions was assessed using student's t test with normality ensured in each dataset. A Wilcoxon sum of rank test (Wilcoxon, 1947 ) was used to compare TE insertion time in siRNA-enriched genomic regions with those regions lacking enrichment.
Results
Genome-wide Distribution of siRNAs
Among 7.65 million 24-nt siRNAs sequenced, 6.63 million (6.63 ÷ 7.65 = 86.67%) were mapped to the G. raimondii genome. To characterize the distribution of mapped siRNAs across the G. raimondii genome, the abundances of mapped 24-nt siRNAs across all chromosomes were summarized (Fig. 1a,b) . As shown, the log 2 -transformed abundances of siRNAs in the TE regions of each sliding window (750 kbp in length) of the whole genome had a distribution with a mean value of 0.217 (639 per million reads, Fig. 1a ). An ANOVA test revealed no significant difference in siRNA abundance across all chromosomes (p > 0.05, Fig. 1b) . However, the sliding windows with a high abundance of siRNAs (the 75th window with a log 2 -transformed value of 6.52, corresponding to 33,722 per million reads; Fig. 2 ) in the TE regions at the terminal 3' end of chromosome 1 (the highlighted green dot in Fig. 1a, b ) appeared as an extreme outlier, both in terms of the overall distribution of the mean number of siRNAs (significantly higher than the genome-wide overall mean; Fig. 1a ) and on a chromosome-by-chromosome basis (significantly higher than the mean of chromosome 1; Fig. 1b ). Since this region is an exceptional case, it stimulated further investigation.
Genomic Composition of the siRNA-enriched Region on Chromosome 1
The gene composition and TE content of the aforementioned siRNA-enriched genomic region were characterized (Table 1) . Specifically, there are 314,347 bp of TEs (85.37%) and 3591 bp of genes (0.98%) in this region, which has a lower gene content relative to the 3' subtelomeric regions of the remaining 12 chromosomes (Paterson et al., 2012) and includes one full-length, and two partial 26S rDNA genes interspersed among the TEs (Fig. 2 1 ), the following analyses mainly focus on exploring the special features of retro-TEs in the siRNA-enriched 3'end of chromosome 1 relative to the retro-TEs in other genomic regions.
We examined the distribution of mapped siRNAs relative to annotated genes and TEs annotated in the siRNA-enriched 3' end of chromosome 1 (corresponding to the 74th and 75th windows, respectively, in Fig. 2 ). As illustrated, 96.44% of the 24-nt siRNAs mapped to the intergenic regions (Fig. 2) . However, relative to the 74th window, in the 75th window, there were significantly more MM siRNAs but far fewer UM siRNAs (binomial test, p-value < 0.001; Fig. 2 ). The correlation between the coverage of UM and MM 24-nt siRNAs across all TEs within all sliding windows on each chromosome was fitted with each individual linear regression model (Supplemental Fig. S1 ). Because of the small number of data points when using a 750-kbp window size, the correlation R 2 values were marginal even though most of their p-values were still significant. However, an overall positive relationship still exists between the UM and MM siRNAs across all windows on each chromosome (Supplemental Fig. S1 ), which was distinct from the unique negative correlation between those two classes in the siRNA-enriched region at the 3' end of chromosome 1. In addition, the histogram of the log 2 -transformed coverage ratio of UM/MM siRNAs in each sliding window across the genome demonstrated that the last window in the 3' end of chromosome 1 had the lowest proportion of UM siRNA reads, which lies at the tail of the histogram (Supplemental Fig. S2 ).
Transcriptional Expression of siRNA-enriched Retro-TEs
We mapped RNA-Seq reads (70 bp in length on average) to the G. raimondii reference sequence to assess the expression status of TEs and protein coding genes across the genome. For 19.38 million RNA-Seq reads in total, 11.72 million reads (11.72 ÷ 19.38 = 60.48%) were mapped to the genome, out of which 0.82 and 10.9 million reads were mapped to TE and non-TE gene regions, respectively. Read counts per element were normalized by length and total library size in each element group (Fig. 3) . Overall, the log 2 -transformed expression level of the genome-wide retro-TEs was lower than that of protein-coding genes (Fig. 3a) . In addition, there were 17 hotspots of transcriptionally active retro-TEs on chromosome 1 (sliding windows with an averaged log 2 -transformed expression of component retro-TEs higher than 4.0; Fig. 3b) . Interestingly, the retro-TEs in the siRNAenriched region (the last hotspot on chromosome 1) were also expressed at a higher level than retro-TEs in other genomic regions (student's t-test p-value < 0.05, Fig. 3b ), although at a lower level than most protein-coding genes. The sequence divergence of siRNA-enriched retro-TEs in the 3' end of chromosome 1 was illustrated in a phylogenetic reconstruction, in which four main clusters of retroelements were observed (Supplemental Fig. S3 ). This phylogenetic clustering and high sequence similarity suggest that these clusters may have originated from a relatively recent transposition into the 3' region of chromosome 1.
Young LTR TEs in the 3'-end of Chromosome 1
In an effort to discern features of the TEs related to siRNA biogenesis, we evaluated the relative ages of the LTR TE insertions on a genome-wide scale, using divergence between the LTRs at each end of the element as a proxy for time since insertion (Fig. 4) . As illustrated, the overall LTR similarities of retroelements were higher than 90.0% (Fig. 4a) , which was expected, as older LTRs more readily escaped detection because of sequence divergence. Comparison of LTR similarity in the siRNA-enriched region of chromosome 1 with that in other genomic regions confirmed that the former retroelements have higher LTR similarity (≥97.08% LTR sequence similarity) than do LTR TEs in the latter group, demonstrating that TEs in the siRNA-enriched region were inserted more recently than typical genome-wide LTR TEs (Wilcoxon sum of rank test, p < 0.05, Fig. 4a) . In other words, younger inserted TEs stimulated more siRNAs than did other genome-wide TEs (corresponding to the Cluster I to IV peaks ≥97.08% LTR sequence similarity in Fig. 4a) .
Even though the TE ages estimated by LTR Struct are biased toward recently inserted TEs with higher LTR similarities, the youngest class of TE insertions was predominantly at the 3' end of chromosome 1. In addition, examination of the LTR TE insertions across the genome revealed no significant difference in the mean LTR TE age among the 13 cotton chromosomes (Fig. 4b) . For other similarly young retro-TEs residing elsewhere in the genome, there was no significant positive correlation between the expression of siRNAs and the mRNA transcripts (Supplemental Fig. S4 ).
Discussion
Short silencing RNAs play an essential role in TE silencing and control their proliferation and activation, yet few studies have analyzed the factors that potentially affect siRNA biogenesis and the possible correlations between TE expression and their derived 24-nt siRNA. To gain insights into these relationships, we analyzed the distribution of siRNAs, the relative age and transcription of their source TEs, and their correlated expression patterns in G. raimondii. Short silencing RNA-generating Young TEs at the 3' end of Chromosome 1
The distribution of siRNAs across all chromosomes suggests that siRNA-generating TEs are relatively evenly distributed across the genome. A notable exception is the siRNA-enriched TE-condensed region at the 3' end of chromosome 1 (Fig. 1) . Given that older TE copies generally accumulate greater sequence divergence relative to younger TEs, siRNAs that target multiple regions of the genome are likely to have derived from younger TEs, whereas older TEs potentially generate siRNAs that map to unique genomic regions (Hollister et al., 2011) . Since most siRNAs mapped at the 3' end of chromosome 1 have multiple genomic hits and relative few UM siRNAs (a negative correlation pattern, Fig. 2 ), the inference is that this region of chromosome 1 is likely to contain a relatively large number of young TEs. This conclusion is supported by phylogenetic analysis of TEs, where four clusters of TEs with little sequence divergence (Clusters I-IV in Supplemental Fig. S3 ) indicate recent bursts of transposition. Similarly, this conclusion is supported by estimates of relative TE age, which demonstrate that TEs in the 3' end of chromosome 1 typically are younger than TEs in other genomic regions (Fig. 4a) . Furthermore, the shared peak of sequence similarity (as a proxy for age of insertion) for TE Clusters III and IV demonstrate that the corresponding groups of TEs could have been activated and transposed contemporaneously during the evolutionary history of G. raimondii.
A consistent positive correlation between UM and MM coverage for each chromosome suggests that old TE insertions are spread across the genome (Supplemental Fig. S1 ). Multiple-hit mapping also includes uniquely mapped reads, so the positive correlation between UM siRNAs and MM siRNAs is reasonable. In contrast, for young TE insertions with abundant multiple-read hits (no or fewer UM reads), there should be little or negative correlation in these features, as shown here (Fig. 2) . The lowest proportion of UM reads relative to total MM reads in the last window in the 3' end of chromosome 1 also supports a recent insertion history of its component TEs, which is distinct from the old TE insertions in other genomic regions (Supplemental Fig. S2 ).
Among the relatively young TE insertions residing outside of the 3' end of chromosome 1, we did not observe either an enrichment of associated siRNAs or a significant correlation between expression of siRNAs and TE mRNA transcripts (Supplemental Fig. S4 ). Two possible scenarios could explain this observation. First, in addition to the age of TE insertion, there could be other factors contributing to the biogenesis of siRNAs from young TEs, such as the size and genomic context of the resource TEs (Diez et al., 2014) ; second, the cotton genome could employ a different siRNA-independent silencing system to control young TEs, such as CG DNA methylation via methyltransferase (Eun et al., 2012; Finnegan and Kovac, 2000) , although if this is the case, the question arises as to how young TEs at the end of chromosome 1 escape this silencing mechanism. Wholegenome DNA methylation characterization will help us address this question.
Transcriptional Activity of siRNA-generating TEs
Transposable element expression is related to siRNA biogenesis (Chapman and Carrington, 2007; Hollister et al., 2011; Schaack et al., 2010) . To investigate this relationship in the cotton genome, we estimated TE expression and related this to levels of associated siRNAs. This analysis demonstrated that newly inserted TEs with enriched targeting of siRNAs also have higher levels of expression (Fig. 3) , which is consistent with observations from maize (Zea mays L.) (Diez et al., 2014) . From a mechanistic viewpoint, recent research demonstrates that in addition to the canonical RNA Pol IV-RDR2-dependent siRNA biogenesis pathway, a novel RNA Pol II-RDR6-dependent pathway can also participate in siRNA synthesis from newly inserted TEs, in which the former canonical siRNA biogenesis is dependent on the Pol II-controlled TE transcription (Chapman and Carrington, 2007; Matzke and Mosher, 2014; Pontier et al., 2012) . The observed enrichment of siRNAs mapping to young TEs could, in part, be the result of the action of this novel pathway. Specifically, it is possible that active Pol II transcription of newly inserted TEs in the end of chromosome 1 may help to generate and maintain sufficiently high levels of siRNA generated via the downstream canonical pathway to ensure the silencing of the source TEs. It may be that for recently inserted TE elements, a certain level of transcription is necessary to maintain sufficient biogenesis of siRNAs to stimulate silencing via the de novo RNA-directed DNA methylation pathway. As these TEs age, biogenesis of siRNAs is expected to decline and TE silencing may be maintained by various DNA methyltransferases (Matzke and Mosher, 2014) . Although this explanation needs further supporting experimental evidence, it helps us understand why siRNA-targeted TEs maintain a certain level of transcription. In addition, we note that TE expression levels are low relative to most protein coding genes, perhaps as an essential mechanism for mitigate over-activation, translation, and accumulation of the enzymes needed for TE transposition (Vicient, 2010) .
Assembly quality around the repeat enriched region in genome assembly could potentially affect genomic inference and hence evolutionary analysis. Two potential assembly artifacts are relevant in this context. First, the TE region on chromosome 1 may, in reality, be larger than that which we inferred from the assembly. Second, one might imagine that the clustered TEs in this region actually are dispersed but were erroneously assembled as a region on chromosome 1. Although this is conceptually possible, we do not believe that either of these eventualities holds. Specifically, because our inferences are based on the features of each component TE in this region (siRNA or RNA transcript coverage in TE regions were corrected with TE length within each sliding window), the primary relationships among relative TE age, siRNA stimulation, and TE expression would not be qualitatively changed.
At present, we do not know the mechanism(s) explaining the recent TEs insertions in the 3' end of chromosome 1, as they could be related to any number of abiotic or biotic stresses or internal genomic perturbations. Given the relatively low content of genes in this region, which includes only three rDNA genes, it is reasonable to suggest that TE insertions in this region have little selective relevance. Since actively used rDNA and other protein-coding genes reside elsewhere in the genome, disrupted expression of orphan rDNA copies in this region, via the action of TEs, is unlikely to have an impact on fitness (Hollister and Gaut, 2009) .
In this study, we have shown that siRNAs are distributed relatively evenly in the G. raimondii genome, with the exception of a siRNA-enriched region at the 3' end of chromosome 1. Age estimates of the TE insertions indicate a recent activation history of TEs in this region. Furthermore, expression data indicate that these TE are still expressed at low levels, perhaps to maintain a necessary level of siRNA generation to achieve silencing. A similarly higher expression of young TEs with biased targeting by a higher number of siRNA has also been observed in maize (Diez et al., 2014) . We suggest that the correlated patterns among TE siRNA targeting, TE transcriptional expression, and TE insertion ages may be general for TE activation and silencing in plant species.
